Pseudomonas aeruginosa (Pa) and Candida albicans (Ca) are major bacterial and fungal pathogens in immunocompromised hosts, and notably in the airways of cystic fibrosis patients. The bacteriophages of Pa physically alter biofilms, and were recently shown to inhibit the biofilms of Aspergillus fumigatus. To understand the range of this viral-fungal interaction, we studied Pa phages Pf4 and Pf1, and their interactions with Ca biofilm formation and preformed Ca biofilm. Both forms of Ca biofilm development, as well as planktonic Ca growth, were inhibited by either phage. The inhibition of biofilm was reversed by the addition of iron, suggesting that the mechanism of phage action on Ca involves denial of iron. Birefringence studies on added phage showed an ordered structure of binding to Ca. Electron microscopic observations indicated phage aggregation in the biofilm extracellular matrix. Bacteriophage-fungal interactions may be a general feature with several pathogens in the fungal kingdom.
INTRODUCTION
Pseudomonas aeruginosa (Pa) is the principal bacterial pathogen in cystic fibrosis (CF) airways [1] , while Aspergillus fumigatus (Af) and Candida albicans (Ca) are the principal fungal pathogens [2] [3] [4] [5] [6] , and these are the principal pathogens in other immunocompromised patients, particularly neutropenic patients. Thus the interactions of these bacterial-fungal pathogen pairs, which are relevant to their coexistence in the human body, particularly CF airways, have been of considerable interest. All three of these pathogens form biofilms in vitro and in vivo, which will affect their interactions. Several studies have illuminated the molecular species that may be involved in the interactions of Pa-Af (reviewed in [7] ) and Pa-Ca [8] [9] [10] [11] [12] [13] [14] [15] .
Phages, viruses that infect Pa and other bacteria, have been of interest to us. We showed that phages from Pa can -extremely rapidly -affect the physical structures of a biofilm (Pa) [16] . Subsequently, we reported the also novel finding that Pa phages could not only affect the structure of a fungal (Af) biofilm, but also inhibit fungal metabolism and growth, and do that by denying iron (Fe) to the fungus [17] . It was thus of interest whether this phage-fungus interaction was unique to Af, or whether the findings could apply more broadly to other fungal pathogens. We therefore present here studies of inovirus phages with Ca, a fungal pathogen whose chronic colonization of CF airways has been shown [18] , and which is associated in some studies with deterioration of CF lung function [19, 20] .
METHODS
C. albicans and growth conditions C. albicans 5 (Ca5), a virulent clinical isolate [21] , was used throughout this study. Ca5 was taken from stock suspensions stored at À80 C and then grown overnight on Sabouraud dextrose agar (Beckton Dickinson and Co., Sparks, MD, USA) at 37 C.
A loopful of the yeasts was inoculated in 10 ml RPMI-1640 (Lonza, Walkersville, MD, USA) in loosely capped 50 ml centrifuge tubes. After overnight culturing of the broth at 37 C (65-70 r.p.m. shaking conditions), the cells were harvested by centrifugation (2000 g for 5 min) and the supernatant was removed. The pellet was washed twice by resuspension in 20 ml of phosphate-buffered saline (PBS), vortex mixing and then re-centrifugation.
The final pellet of cells was resuspended in 10 ml of RPMI-1640 and a cell suspension and 1 : 100 or 1 : 1000-fold dilutions in the same medium prepared and counted using a hemocytometer and bright field microscope with a 40Â objective.
In vitro model of biofilm development
The Candida biofilm methodology was derived from previous publications [22] [23] [24] [25] [26] . Flat-bottom 96-well culture plates (Corning Inc., Corning, NY, USA) containing a final volume of 200 µl were used for biofilm development. The final cell concentration in each well was 5Â10 5 yeast cell ml
À1
. The plates were incubated at 37
C for 16 h with shaking at 65-70 r.p.m. to allow the yeast cells to attach to the surface. Following the biofilm formation phase, the wells were rinsed twice gently in sterile 200 µl PBS well
, fresh RPMI-1640 was put in the wells and then they were incubated for an additional 24 h at 37 C with shaking at 65-70 r.p.m.
Phage preparation
Two phages from Pa (Pf1, Pf4) were studied. Pa strain K (PAK, ATCC 25102) produced Pf1 (ATCC 25102B) and Pa strain PAO1 produced Pf4. In particular, we used strain MPAO1, originating from the laboratory of Dr Colin Manoil [27] , which only carries the Pf4 prophage and not RPG42. Phages were harvested as described previously [28] . In brief, bacteria were cultured in a 250 ml volume lysogeny broth (LB) (Sigma, St Louis, MO, USA) for 48 h at 37 C under shaking conditions. Bacteria were removed by centrifugation and the supernatant was sterilized by vacuum filtration through a 0.22 µm filter. Crude supernatant was treated with 1 µg ml À1 DNase (Sigma) for 2 h at 37 C. Phages were precipitated from the supernatant by adding 0.5M NaCl and 4 % polyethylene glycol (PEG) 8000 (Sigma) and incubating the phages overnight at 4 C. Phages were then pelleted by centrifugation, washed in sterile buffer and subjected to another round of PEG precipitation. Finally, the purified phages were suspended in sterile PBS and dialyzed in a 50 kDa cut-off dialysis tube (Spectrum Laboratories, Rancho Dominguez, CA, USA) against PBS. Stocks of approximately 10 13 phage ml À1 were thus produced.
Quantitation of Pf phage
Purified Pf phage was quantified by Taqman PCR amplification of a 52-bp region in the PA0717 gene, which codes for a hypothetical protein and is conserved across the Pf1, Pf4 and Pf5 phages. Purified Pf phage preparations were treated with 1 µg ml À1 DNase I (Roche, Indianapolis, IN, USA) at 37 C for 1 h to remove potential contaminating Pa DNA. Samples were then boiled at 100 C for 10 min in a Bio-Rad (Hercules, CA, USA) T100 thermo cycler, removing the DNase and releasing the protected phage DNA. One l of the template was added to a master mix of 5 µl 2Â SensiFAST Probe Hi-Rox Mix (Bioline, London, UK); 1 µl forward primer (TTCCCGCGTGGAATGC, stock concentration 6 µM); 1 µl reverse primer (CGGGAAGACAGC-CACCAA, stock concentration 4 µM); 2 µl labelled probe (AACGCTGGGTCGAAG, stock concentration 1 µM); and 1 µl ultrapure water (10 µl total). In order to calculate the Pf phage concentration per reaction, the assay included a standard made from a pUC57 plasmid containing the PA0717 amplification sequence. A 'mock phage' preparation was processed from media through all the steps used for the phage preparations, as a negative control. A second negative control was processed identically from a phage-deficient Pa mutant. This strain, PAO1 DPA0728, was created by allelic exchange [29] using the deletion construct pEX-DPA0728 [30] as described [16] . PAO1 DPA0728, is derived from strain PAO1 but lacks the phage integrase gene (PA0728) and is not able to maintain the replicative form of Pf4 [30] . The deletion of PA0728 was confirmed by sequencing [17] . Neither of these controls showed activity in any of the assays that are described in the Results section.
Direct effect of bacteriophage on C. albicans biofilm formation Ten-fold dilutions of Pf1 or Pf4 phage in RPMI-1640 were made, and added (in one-tenth the volume) to the biofilm media at the start of the biofilm formation phase. The data are expressed in terms of the final phage concentration/ml. Plates were incubated at 37 C for 16 h with shaking at 65-70 r.p.m. The wells then were rinsed twice gently in 200 µl sterile PBS per well before fresh RPMI-1640 was put into each well, with these being incubated for an additional 24 h at 37 C with shaking at 65-70 r.p.m.
The effects were evaluated by XTT assay. The tetrazolium salt, XTT (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]À2H-tetrazolium-5-carboxanilide inner salt) (Sigma), was used to measure the metabolic activity of Ca. The wells, as described above, were rinsed twice in sterile PBS, 200 µl sterile PBS containing 200 µg ml À1 XTT and 40 µM menadione (Sigma) was added, and the plates were incubated in the dark for 2 h at 37 C without shaking. Following incubation, the plates were centrifuged for 5 min at 2000 g and 100 µl supernatant from each well was transferred into sterile 96-well plates for reading at 490A with a microtitre plate reader (Dynex Technologies, Inc., Chantilly, VA, USA).
Direct effect of bacteriophage on preformed C. albicans biofilm Ca biofilms were formed as described above. After 16 h, the wells containing the preformed biofilms were washed gently in sterile PBS and fresh phage dilutions in RPMI-1640 were added, as described above. The plates were incubated for an additional 24 h at 37 C with shaking at 65-70 r.p.m. The effects were evaluated by the XTT assay.
We also performed these phage studies -with both biofilm formation and preformed biofilm -under hypoxic conditions using the Gas-Pak EZ Campy Pouch system (Becton Dickinson) (as previously detailed) [31] , and compared the results to those for the aerobic conditions that form the basis of the present communication.
To assess whether any differences could be seen with respect to the interactions with phage in the larger volumes that would be required for the electron microscopy studies (to be described), assays were also performed in the 8-well and 12-well formats previously described [32] . As no differences were noted between the 8-, 12-and 96-well formats, these results are considered together in the Results section.
Reversal of Pf1/Pf4 inhibition of C. albicans biofilm formation and preformed biofilm with FeCl 3 To examine whether phage inhibition of Ca biofilm formation is related to Ca iron metabolism, the activity of Pf1 or Pf4 against Ca biofilm formation, or preformed biofilm, prepared as described above, was tested in the presence of dilutions of FeCl 3 (Sigma). Briefly, FeCl 3 was diluted to varying concentrations in RPMI-1640 and distributed in 100 µl quantities in selected wells.
We found that in the experiments where exogenous iron was added, the XTT results were erratic, unless the XTT mixture was removed from the wells after the XTT incubation step, with the wells being washed once with PBS, before the biofilm was studied at 490A.
Culture of C. albicans biofilms for birefringence measurements Ca, strain Ca5 cell suspensions were prepared as described above. The suspension was diluted further to 10 6 cell ml
À1
as the working suspension. Sixteen-well sterile chamber slides with covers (Thermo Fisher Scientific, Waltham, MA, USA) were used for the development of Ca biofilm. A suspension of Ca (100 µl) was placed into each well with 100 µl fresh RPMI-1640. The chamber slides were incubated for 16 h at 37 C at 65-70 r.p.m on a shaker to allow the yeast to form biofilm. After 16 h of biofilm formation, verified microscopically, the medium was aspirated and the wells were washed gently twice with 200 µl sterile PBS. After the addition of 200 µl of fresh RPMI-1640 to each well, the slides were incubated for an additional 22 h at 37 C at 65-70 r.p.m on a shaker. After a total of 38 h of incubation, the medium in the wells was replaced with fresh RPMI-1640 with or without Pf1 or Pf4 phage (10 10 phage ml
). Ca biofilm with RPMI-1640 without phage served as a control. After an additional 2 h incubation at 37 C at 65-70 r.p.m., the medium was aspirated from each well and 100 µl paraformaldehyde (4 % w/v) (Sigma) was put into each well. The slides were held at room temperature overnight. The paraformaldehyde in the wells was replaced with 100 µl distilled water.
Statistical analysis
Each study performed in the wells included six replicates. The data from the experiments using XTT assay were analysed using a t test. All statistical analyses were performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). Statistical significance was considered as P<0.05.
Metabolic MIC assay
Ca strain Ca5 yeasts (10 6 ) were prepared in a volume of 900 µl RPMI. Ten-fold dilutions of Pf1 or Pf4 were prepared in a volume of 100 µl PBS, and added to the yeast preparations. Instead of phage dilutions, 100 µl PBS served as a negative control. Following incubation at 37 C for 48 h, with shaking at 100 r.p.m., an XTT assay was performed on the planktonic growth to measure Ca5 metabolic activity. Briefly, 1 ml XTT (300 µg ml À1 ) and 1.5 µl menadione (100 mM) were added to each MIC reaction and incubated at 37 C for 30 min. The tubes were centrifuged and supernatants were measured at 490 nm using a spectrophotometer (Genesys 20, Thermo Fisher Scientific, Inc).
Birefringence measurements
The birefringence of Ca biofilms grown with and without phage was measured using the Rotopol imaging system [33] , as previously described [17] . Briefly, samples were placed in-between a rotating polarizer and circular analyser and imaged. The images were analysed using Rotopol software and the birefringence was computed as |sind|. The mean values of |sind| were measured in areas in the focal plane with no obstructions in the background.
Scanning electron microscopy (SEM) Pf1 or Pf4 phage or diluent (control) were added at the initiation of the Candida cultures, or at 16 h after initial biofilm formation, or after 38 h, when there had been some incubation time in the initial biofilm state. Preparations for microscopy were made at 40 h. For SEM analysis, samples were immersed in Tris buffer, fixed for 45 min with 4 % paraformaldehyde and 2 % glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4), rinsed in the same buffer and post-fixed for 45 min with 1 % aqueous OsO 4 . After dehydration in an ascending ethanol series [50, 70, 90, 100 % (twice); 5 min each], the samples were either critical-pointdried (CPD) with liquid CO 2 in a Tousimis Autosamdri-815B apparatus (Tousimis, Rockville, MD, USA) or -where the glass multiwell slides exceeded the CPD chamber sizetreated with hexamethyldisilazane (HMDS) for 30 min before overnight drying in a desiccator. The slide chambers were gently removed from the glass substrate before the substrates were mounted onto 15-50 mm circular aluminium stubs (Electron Microscopy Sciences, Hatfield, PA, USA) and sputter-coated with 50 Å of gold/palladium using a Denton Desk II sputter coater (Denton Vacuum, Moorestown, NJ, USA). Visualization was performed with a Zeiss Sigma FESEM (Carl Zeiss Microscopy, Thornwood, NY, USA) operated at 2-4kV, using InLens secondary electron detection at a working distance of 4-5 mm. The images were captured in TIFF using the store resolution of 2048Â1536 and a line averaging noise reduction algorithm.
RESULTS
Effect of Pf4 phage on Candida biofilm formation When the Pf4 phage was studied in the same manner as in previous Aspergillus studies [17] , i.e. being added to Ca at the outset of biofilm formation, the metabolism of Ca was inhibited in a dose-responsive manner at the end of the study period. Fig. 1 is representative of 10 experiments. When studying 10-fold dilutions, significant (P 0.05) inhibition occurred with dilutions from 10 10 to 10 6 phage ml Effect of Pf4 on preformed C. albicans biofilm The Pf4 phage was studied similarly after the formation of biofilm through incubation with preformed biofilm. Inhibition of biofilm XTT in preliminary studies using 10-fold dilutions was noted at 10 9 phage ml
À1
. To refine the cutoff for significant activity, twofold dilution series were made. Fig. 2 is representative of 11 experiments. These showed significant inhibitory activity to a dilution of 3Â10 8 Fig. 1 . Effect of Pf4 on C. albicans biofilm formation. XTT results for C. albicans, strain 5, treated with Pf4 phage, compared to the results for the untreated control ('Ca5 control'). The quantity of phage added is shown on the x-axis (the phage concentrations in figures are expressed as final concentrations/ml of culture). Bottom: scattergram showing the distribution of replicate wells. Two and three asterisks represent P 0.01 and P 0.001, respectively, compared to the untreated control. Fig. 2 . Effect of Pf4 on preformed C. albicans biofilm. XTT results for C. albicans treated with Pf4 phage compared to that left untreated ('Ca5 control'). The quantity of phage added is on the x-axis, as in Fig. 1 . One, two and three asterisks are P 0.05, P 0.01 and P 0.001, respectively, compared to the untreated control. , with approximately 100-fold less activity against biofilm formation.
Effect of Pf1 phage on C. albicans biofilm formation
The biofilm formation studies were repeated with Pf1 phage. Inhibition of biofilm XTT in preliminary studies was noted at 10 10 phage ml
À1
. To refine the cutoff for significant activity, twofold dilution series were again made. Fig. 3 is representative of 10 experiments. The lowest dilution showing significant activity was 5Â10 9 phage ml
, showing approximately 1000-10 000-fold less activity than the Pf4 phage against biofilm formation.
Effect of Pf1 on preformed C. albicans biofilm
The results were similar to those for Pf1 activity against biofilm formation. Twofold dilution series then showed 8Â10 7 phage ml À1 to be the lowest dilution with significant activity. Fig. 4 is representative of seven experiments. This indicates similar activity to that for the Pf4 phage against preformed biofilm, and 10-fold greater activity of Pf1 against preformed biofilm compared to its activity against biofilm formation.
As there are studies indicating that (because of occluding mucus impaction, inflammation and biofilm formation) CF patient airways exist under hypoxic conditions [34] [35] [36] [37] [38] [39] , we repeated these studies under hypoxic conditions. We saw no differences in the inhibition results when comparing aerobic and hypoxic conditions concurrently, with either phage. Nor did we see differences in phage effects on either Ca biofilm formation or preformed biofilm when comparing aerobic and hypoxic conditions (data not shown).
Phage activity against planktonic C. albicans yeasts Along with testing the impact of Pf phage on Ca biofilms, it was of interest to investigate phage activity against planktonic Ca. This was done using a classical MIC methodology. 10 pfu/ml. Fe at 5-20 µM eliminates the Pf4 inhibition, at 2.5 µM it neutralizes the Pf4 effect without enhancement of XTT and at 1.25 µM it has no reversal effect. In this experiment Pf4+0.625, 0.312 or 0.156 µM Fe were also studied (not shown), with those three combinations not differing from Pf4+1.25 µM. One, two and three asterisks indicate P 0.05, P 0.01 and P 0.001, respectively, compared to the untreated control. Three daggers, P 0.001, compared to Pf4 alone.
When control growth (PBS substituted for phage) was 4+, the only visual reductions of growth occurred at the highest final concentrations (10 10 phage ml À1 ) for both Pf4 and Pf1, which were both 2+ (no clear tubes produced at any phage concentration). The results from our assessment of the metabolism, performed using the XTT test on the pelleted cells after incubation with phage, are displayed in Fig. 5 (representative of two experiments; only showing data where the tubes were significantly different from those of the control). Significant alterations in the XTT result were noted with Pf1 down to a 10 9 /ml dilution, and with Pf4 to a 10 7 dilution, suggesting 100-fold greater activity of Pf4, although the lower Pf4 dilutions displayed a lesser doseresponse curve (before activity was lost at 10 6 /ml), as had been noted in the biofilm studies. Compared at an identical concentration of 10 10 phage ml À1 , the inhibition by Pf4 was significantly greater than with Pf1.
Iron denial as a mechanism of phage activity Because of the indication that iron denial was the key mechanism of action of phage against Aspergillus [17] , we investigated this possibility with phages and Candida biofilm formation as well as with preformed biofilm. The results with preformed biofilm for both phages are shown as examples in Figs 6 and 7, which are representative of four experiments. At a Candida-inhibiting concentration of 10 10 Pf4 phage ml À1 , Fig. 6 shows, utilizing twofold dilutions of iron, that 2.5-20 µM iron eliminates Pf4 inhibition of Ca. However, it is worth noting (Fig. 6 ) that 2.5 µM iron, an iron concentration that alone does not boost Ca metabolism, neutralizes Pf4 inhibition. In Fig. 7 , utilizing a Candidainhibiting concentration of 10 10 Pf1 phage ml
À1
, it is noted that, again, 2.5-20 µM iron eliminates Pf1 inhibition. Again, 2.5 µM iron, an iron concentration that does not boost metabolism, neutralizes Pf1 inhibition. The results with the two phages, iron and Candida biofilm formation were similar to those shown with preformed biofilm (Figs 6 and 7) , and the reversal effect took place over a similar iron concentration, 5-20 µM (data not shown). Not unexpectedly, from prior fungal studies using these assays [32, 40] , we find iron alone, at similar concentrations, actually stimulates fungal Birefringence studies of the effect of phages on Candida biofilm At sufficiently high concentrations, filamentous molecular structures, such as inoviruses, spontaneously align [41] . This alignment produces an optical property called birefringence, or double refraction, which can be measured by polarizing microscopy [33] . Recently we reported that Pf phage coating Aspergillus increased the birefringence of these biofilms, which was associated with the inhibition of Aspergillus metabolism through Pf phage denying iron to Aspergillus [17] . Here, we measured the birefringence of Ca biofilms grown in the presence of Pf1 or Pf4. We found that Pf4, and to a lesser extent Pf1, increased the birefringence of Candida (Figs 9 and 10 ), indicating that, as with Aspergillus biofilms [17] , Pf phages form a highly ordered layer on Candida biofilms that alters the polarization of light.
Scanning electron microscopy Biofilm formation was most notable at the edges of the well chambers, with the centres having sparser growth. Cultures on plastic disks showed enhanced clustered growth, and more compact microcolonies with more pseudohyphae, which were more evenly spread across the substrate than on glass slides. This trend towards denser colonies appeared to be more pronounced in the Pf4-infected cultures (Fig. 11a) . Extracellular material was scattered in all cultures (Fig. 11b,  arrows) . Owing to the absence of surface tension during critical point drying, superficial features were seen best in the preparations made with CPD, and in the phage-infected cultures, particularly Pf4, the observed structures were consistent with phage or phage aggregates in the presence of extracellular matrix (Fig. 11c) . The differences between the phage-infected and control cultures under electron microscopy were otherwise not as dramatic as those for the refractometry results (Figs 9 and 10) . Fig. 9 . Birefringence was measured in C. albicans biofilms grown in the presence or absence of Pf1 or Pf4 by polarizing microscopy. Duplicate measurements were taken for each biofilm, n=5. TenÂ objective; left, light microscopy; right, polarizing microscopy. 
DISCUSSION
We have shown an inhibitory effect of bacterial viruses on a fungus, demonstrating that the effects seen on Af [17] , a filamentous fungus, also apply to another fungus, one that begins its morphogenetic life as a yeast. Thus this type of interaction may be a more widespread phenomenon in the fungal kingdom. The ability of a bacterial virus to affect the biology of a eukaryote is consistent with other observations we have made with mammalian cells [42] .
It will be necessary to study other families of phages with respect to these observations. In the Af studies, the other filamentous phages examined did not show inhibitory power. Intact phage was required [17] . In both the Af and Ca studies, Pf4 effects on fungal metabolism were the endpoints. In the Af studies, direct visual evidence of Pf4 inhibition of growth was also noted; in the present studies this was also suggested with Pf4 in the Ca electron microscopic observations, as mentioned above. Whether these observations concerning inhibition apply to other members of the genus Candida is unknown, although preliminary experiments with the phages and Candida kefyr (data not shown) indicated the same responses.
The two phages studied here differ substantially in their length; Pf4 is longer than Pf1. It is noteworthy that there were considerable differences between the studies with Af compared to those with Ca. In the Af studies, Pf4 was inhibitory, but Pf1 showed negligible effect. Against Ca, Pf1 was less active against biofilm formation, but showed similar activity to Pf4 against preformed biofilm. Against Af, the Pf4 inhibitory activity was more pronounced against preformed biofilm than biofilm formation, whereas with Ca, the differences were in the opposite direction. Pf1 did not appear to attach to Af biofilm, in contrast to Pf4, whereas the birefringence studies with Ca suggested that Pf1 does bind to Ca, albeit less well than Pf4. The Pf1 binding was notable, in that the electron microscopic studies with the two fungi indicated more physically obvious biofilm formation by Af over the same periods of culture. Another difference between the two sets of studies is the fact that planktonic Af growth appeared to be unaffected by the phages, whereas there was an effect shown on Ca, albeit a small one. Whether the differences in phage potency between the two fungi are related to the attachment differences, or their Fe needs, is presently unknown.
Where the two fungal studies were similar was in the reversal of inhibition by Fe. Moreover, the range of Fe concentrations required to reverse inhibition of both fungi was remarkably similar. Raman studies [17] suggested that Fe and phage crosslink into tight complexes and precipitate out of solution. Although Raman studies [17] indicated that Pf4 binds Fe better than Pf1, the Fe reversal results with the two phages in the present studies were not dissimilar. Whether the binding of phages to biofilm, as suggested by the birefringence and electron microscopic studies, is a necessary part of the posited iron denial (such as by binding to Ca iron-intake mechanisms), or whether phage binding Fe extracellularly is a sufficient competitive event against Ca, is uncertain at this time. These studies focused on Fe, a vital nutrient for Ca [43] , Af [44] and Pa [45] , and it is competition for Fe that generally seems central to intermicrobial relations [45] . However, we cannot at this point exclude the Phages were added at 38 h culture and specimens were prepared at 40 h. Denser colonies were evident in Pf4-infected cultures. (b), 10 000Â magnification. Phages were added at 16 h culture, and the specimens were prepared at 40 h. The yeast cells have elongated into pseudohyphal forms, budding has occurred and filamentous forms are seen in other fields. Scattered extracellular material was notable in phage-infected material (arrows) (more prominent in Pf4-infected cultures), which was believed to be altered extracellular matrix materials and/or phage aggregates. (c) Only in Pf4 cultures, and only with the critical-point-drying method (which preserves materials adherent to cells better than HMDS methodology), were the structures observed believed to be phage or phage aggregates (arrows).
possibility that the effects we noted could also similarly involve other cations.
The concentrations of phage demonstrating effects here support possible clinical relevance. Levels of phage in CF patient sputum have been demonstrated to be as high as 10 7 /ml [46] , and it is likely that phage concentrations will be even higher in the bronchi, such as in the vicinity of packed inspissated endobronchial mucus, debris and microbial biofilms, and when the sample is not diluted (as would occur with sputum) with other uninfected secretions from the whole respiratory tree. Thus, the emerging phage-fungal interactions observed in the laboratory involving Af, and now also Ca, should be considered in models of microbial interaction in vivo, and possibly in developing strategies to prevent and eradicate fungal biofilms.
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